INTRODUCTION
============

Acrylic resins are commonly used for denture fabrication since they exhibit adequate physical, mechanical, and esthetic properties^[@r01]^. However, it has been shown that denture base acrylic resins may act as reservoirs for microorganisms and have the potential to support biofilm formation^[@r21],[@r23]^. Microbial growth on the denture surface results from the adherence of microbial cells enhanced by surface roughness, and from adhesive interactions between *Candida* species and oral bacteria^[@r16],[@r30]^. Several studies have demonstrated an association between *C. albicans* or other species of *Candida*, and several oral bacteria such as *Streptococcus sanguis, Streptococcus salivarius, Streptococcus mutans, Fusobacterium nucleatum and Actinomyces viscosus*^[@r12],[@r18]^. They can induce a chronic inflammatory response in the oral mucosa, described as denture stomatitis, which is the most common infectious disease affecting the oral mucosa and is highly prevalent in denture wearers^[@r02],[@r15]^. *C. albicans* and *Staphylococcus aureus* have also been associated with lesions in several patients with angular cheilitis, as these microorganisms show a high ability to adhere to oral tissues^[@r01]^.

To avoid the formation of biofilm on denture base resin surfaces, several attempts to incorporate antifungal agents or antiseptics into tissue conditioners and denture acrylic resins have been reported^[@r05],[@r08],[@r09],[@r13],[@r17],[@r19],[@r20],[@r22],[@r25]^. However, the materials exhibited antimicrobial activity by releasing antimicrobial agents that could have toxic effects on the oral mucosa, damage the mechanical properties of the materials, and lose their effectiveness over time^[@r11],[@r22]^.

A possible alternative to solve this problem could be to substitute these substances with macromolecular antimicrobial agents, such as polycationic polymers with the advantages of reduced toxicity and not causing bacterial resistance^[@r24]^. Poly(2-tert-butylaminoethyl) methacrylate (PTBAEMA) is a functionalized polycationic polymer with pendant amino groups that acts as a very efficient contact biocide. It also has low solubility in water, which makes this biocide especially useful for incorporation into materials designed to be in contact with water, since one can expect very low leachability of PTBAEMA from polymer blends and compounds^[@r14]^. This polymer has been incorporated into a polyethylene with potential fields of application, such as water treatment and inclusion in medical devices^[@r24]^.

The aim of this study was to evaluate the effect of a denture based acrylic resin containing different percentages of the polymer poly(2-tert-butylaminoethyl) methacrylate against the biofilm, *in vitro*, of *Staphylococcus aureus, Streptococcus mutans*and *Candida albicans*. The null hypothesis was that denture based acrylic resin containing different percentages of the polymer poly(2-tert-butylaminoethyl) methacrylate would not inhibit the formation of *Staphylococcus aureus, Streptococcus mutans* and *Candida albicans*biofilms.

MATERIAL AND METHODS
====================

Poly(2-tert-butylaminoethyl) methacrylate synthesis
---------------------------------------------------

Poly(2-tert-butylaminoethyl) methacrylate (PTBAEMA) is an antimicrobial polymer in powder form. Previously to incorporation in acrylic resin it was necessary to solubilize the commercially available monomer, 2-tert-butylaminoethyl methacrylate (evonik Degussa Brasil Ltda, São Paulo, SP, Brazil). The synthesis was performed as described by Sosna, et al.^[@r26]^ (2004). First a three-necked flask was charged with 90 ml of 2-tert butylaminoethyl and 180 mL of ethanol and heated to 65ºC under a stream of argon. Next, 0.745 g of azobisisobutyronitrile (Sigma-Aldrich, St Louis, MO, USA) dissolved in 20 ml of ethyl methyl ketone was slowly added drop-wise, with stirring. The mixture was heated to 70ºC and stirred at this temperature for 72 h. After this time had elapsed, the reaction mixture was stirred into 1L of demineralized water, whereupon the polymeric product was precipitated. After the product was separated by filtration, the filter residue was washed with 100 mL of a 10% solution of ethanol in water in order to remove any residual monomers still present. The product was dried under vacuum at 50ºC and then ground.

Specimen fabrication
--------------------

Initially, a metal mold was used to make disk-shaped silicone patterns (Zetaplus, Indurent-Zhermack, Badia Polesine, Rovigo, Italy) measuring 15 mm x 2 mm. These silicone patterns were sandwiched between two glass slides and invested in flasks with type IV dental stone (Herodent, Vigodent SA Ind. Com., Rio de Janeiro, RJ, Brazil). After the dental stone had set, the flasks were separated and the silicone patterns were removed, leaving disk-shaped cavities.

Specimens were divided into three groups (n=10) according to [Table 1](#t01){ref-type="table"}. The polymer PTBAEMA was mixed with the acrylic resin powder (Lucitone 550, Dentsply Indústria e Comércio Ltda, Petrópolis, RJ, Brazil) at concentrations: 0% (control), 10% and 25%. The combined powder was then mixed with the resin liquid and the resin dough was put into the disk-shaped cavities. The resin was polymerized according to the manufacturer\'s recommendations. After polymerization, the excess material was carefully removed using a bur (Maxi-cut; Maillefer SA, Ballaigues, Switzerland). After this, the specimens were sterilized using ethylene oxide gas, with a temperature of 50ºC±5ºC for 4 hours.

###### 

Groups according to the percentage of poly(2-tert-butylaminoethyl) methacrylate (PTBAEMA)

  **Percentage of PTBAEMA (%)**   **Powder resin (g)**   **PTBAEMA (g)**   **Liquid resin (mL)**
  ------------------------------- ---------------------- ----------------- -----------------------
  0                               21                     \-                10
  10                              21                     2.1               11
  25                              21                     5.25              12.5

Microorganisms and microbial suspension
---------------------------------------

In order to assay the antimicrobial activity of the experimental specimens, three standard strain microorganisms were tested: *Staphylococcus aureus*ATCC 25923, *Streptococcus mutans*ATCC 25175 and *Candida albicans*ATCC 90028. Microbial suspensions were obtained from single colonies isolated on agar plates, inoculated in the appropriate broth for overnight cultures at 37ºC. *S. mutans*was grown in brain-heart infusion (BHI) broth and *C. albicans* and*S. aureus*strains were grown in tryptic soy broth (TSB). Cells of the resultant cultures were harvested, washed twice with phosphate-buffered saline (PBS, pH 7.2), centrifuged at 5000x g for 5 min and re-suspended in appropriate fresh broth. Microbial suspensions were spectrophotometrically (BioPhotometer plus, eppendorf, Hauppauge, NY, United States) standardized to a concentration of 1x10^7^ cells/mL.

Biofilm development
-------------------

Biofilms of each microorganism (*Staphylococcus aureus, Streptococcus mutans*and *Candida albicans*) were produced in pre-sterilized, 12-well polystyrene flat-bottomed microtiter plates^[@r27]^. First each sterile acrylic resin specimen was individually placed in each well of a microtiter plate and 2 mL of standard cell suspensions (10^7^ cells/mL) prepared as mentioned above and added to each well containing a specimen. The plate was incubated for 90 min at 37ºC in an orbital shaker at 75 rpm to promote microorganism adherence to the specimen surfaces (adhesion phase). After the adhesion phase, the specimens were transferred to new wells and the non-adherent cells were removed from the specimen by gently washing twice with 2 mL PBS. To promote biofilm growth (biofilm phase), 2 mL of appropriate fresh broth was added to each well. The plates were covered and incubated at 37ºC at 75 rpm for 48 h under aerobic conditions (*Staphylococcus aureus*and *Candida albicans*) and anaerobic conditions (*Streptococcus mutans*). After incubation, the plates were removed from the incubator and the wells gently washed twice with PBS. After washing, the specimens were transferred to a tube containing distilled water and sonicated for 20 min to disrupt the biofilm cell aggregates. The resultant suspension containing the detached biofilm cells was vortexed, diluted and plated onto sterile Petri dishes containing selective media for *Staphylococcus aureus, Streptococcus mutans*and *Candida albicans*for 48 h at 37ºC under aerobic or anaerobic conditions, as deemed appropriate. The media used for plating *S. mutans*was SB20, for *C. albicans* Sabouraud Dextrose Agar was used with 5 µg/mL chloranphenicol and S. aureus strains were grown in Mannitol Salt Agar. *Staphylococcus aureus*and *Candida albicans* were cultivated under aerobic conditions and *Streptococcus mutans* under anaerobic conditions. After incubation, colony counts of each Petri dish were quantified using a digital colony counter (CP 600 Plus, Phoenix Ind. Com. Equipamentos Científicos Ltda, Araraquara, SP, Brazil).

The microbial count data obtained were expressed as log (CFU+1)/mL. No homogeneity of variances was observed for the three species evaluated (Levene test, P\<0.05), and nonparametric tests were then performed. *S. aureus*and *S. mutans* counts were compared by the Mann-Whitney test and*C. albicans* results were compared by the Kruskal-Wallis test. All analyses were performed with α=.05.

RESULTS
=======

The number of viable cells of each microorganism and standard deviations are presented in [Figures 1](#f01){ref-type="fig"}, [2](#f02){ref-type="fig"} and [3](#f03){ref-type="fig"}.

![Effect of different percentages of poly(2-tert-butylaminoethyl) methacrylate (PTBAEMA) incorporated into acrylic resin specimens on the viability of *Staphylococcus aureus* biofilm cells. Error bars represent standard deviations (α=0.05). Different capital letters denote signiﬁcant differences among groups (Mann- Whitney test, *p*=0.001)](jaos-20-06-0643-g01){#f01}

![Effect of different percentages of poly(2-tert-butylaminoethyl) methacrylate (PTBAEMA) incorporated into acrylic resin specimens on the viability of *Streptococcus mutans* biofilm cells. Error bars represent standard deviations (α=0.05). Different capital letters denote signiﬁcant differences among groups (Mann-Whitney test, *p*=0.001)](jaos-20-06-0643-g02){#f02}

![Effect of different percentages of poly(2-tert-butylaminoethyl) methacrylate (PTBAEMA) incorporated into acrylic resin specimens on the viability of *Candida albicans* biofilm cells. Error bars represent standard deviations (α=0.05). Identical capital letters denote no signiﬁcant differences among groups (Kruskal--Wallis test, *p*=0.079)](jaos-20-06-0643-g03){#f03}

A strong dose-dependent bactericidal effect against *Staphylococcus aureus and Streptococcus mutans*biofilms was observed with a reduction in viable cells according to the percentage of PTBAEMA incorporated into the acrylic resin. For these microorganisms, significant antimicrobial activity was observed for the acrylic resin containing 10% PTBAEMA in comparison with the corresponding control groups (p\<0.05). A decrease in the number of viable biofilm cells of *S. aureus* (control group: 7.9±0.8^A^; group 10%: 3.8±3.3^B^) and *S. mutans*(control group: 7.5±0.7^A^; group 10%: 5.1±2.7^B^) was demonstrated during contact with the acrylic resin specimens containing 10% PTBAEMA. In addition, the number of viable biofilm cells of *S. aureus*and *S. mutans*was strongly reduced during contact with the acrylic resin specimens containing 25% PTBAEMA, reducing the number of cells to zero. However, for the *C. albicans*biofilm (control group: 6.6±0.2^A^; group 10%: 6.6±0.4^A^, 6.4±0.1^A^), there was no significant difference among the groups (p\>0.05).

DISCUSSION
==========

In this study, a water-insoluble polycationic polymer poly (2-tert-butylaminoethyl) methacrylate (PTBAEMA) was incorporated into an acrylic resin, whose biocidal properties resulted from the pendant bulky secondary amine of the methacrylate backbone^[@r14]^.

The findings of this study showed that the group containing 10% PTBAEMA significantly reduced the number of *S. aureus* and *S. mutans*biofilms formed on the specimen surfaces when compared with the control group. In the group containing 25% PTBAEMA, complete inhibition of *S. aureus*and *S. mutans*biofilm formation was observed. These results show a dose-dependent response to PTBAEMA and were similar to results of others authors. Seyfriedsberger, et al.^[@r24]^ (2006) investigated the antimicrobial properties of a polyethylene containing different concentrations of PTBAEMA, which reduced the number of CFU/ mL of *S. aureus*to zero after 24 hours of contact with groups containing PTBAEMA. The findings of Ignatova, et al.^[@r10]^ (2006) showed that a stainless steel coated PTBAEMA reduced the adhesion of *S. aureus*by 99.9%. Similar findings were also reported by Lenoir, et al.^[@r14]^ (2006) and Thomassin, et al.^[@r28]^ (2007) after evaluation of the antimicrobial properties against *E. coli*, of compounds into which PTBAEMA had been incorporated, showing that the bacteria had been completely eliminated after a certain period of time.

Although this study did not evaluate mixed species biofilm, it is known that bacteria can significantly influence and modify candidal growth and biofilm formation^[@r03]^. This study presented a significant effect of PTBAEMA against the *S. mutans*biofilm, which is considered one of the primary colonizers of oral biofilm, and is heavily involved in the initial stages of biofilm formation, producing extra cellular matrix polysaccharide and facilitating the attachment of other microorganisms such as *C. albicans*^[@r14]^. Moreover, the reduction in the amount of *S. aureus*biofilm observed in this study represents a significant result, since *S. aureus* is a normal colonizer of the oral cavity, and this colonization can be a potential danger to the patient as a source of bacterial dissemination to other sites in the body, and a source of transmission to other people, food or objects^[@r03]^.

According to Lenoir, et al.^[@r14]^ (2008) the biocidal action is based on the interaction between the membrane of the bacteria in contact with PTBAEMA. The divalent cations Ca^2+^ and/or Mg^2+^ that cross-bridge the outer membrane of the bacteria are replaced by the charged amine groups of PTBAEMA, followed by membrane disorganization and cell lyses. Moreover, PTBAEMA can also act in inducing a phase-separation of charged and uncharged lipids inside the cytoplasma membrane of bacteria. Finally, the cytoplasma membrane disintegrates, which causes the death of the microorganism (apoptosis)^[@r24]^.

The results of this study also demonstrated that the denture base acrylic resin with incorporation of PTBAEMA did not have antifungal activity against *Candida albicans*. Park, et al.^[@r20]^ (2008) incorporated methacrylic acid into an acrylic denture base resin and observed a reduction in the number of *C. albicans*. These conflicting results may be related to the ability of each agent to interact with the cell wall of *C. albicans*, much like other living cells, has a net negative surface charge, providing an environment of electrostatic repulsion through the negative-negative charge interactions with the polymer^[@r22]^. Similarly, Wady, et al.^[@r29]^ (2012) incorporated silver nanoparticles (AgNPs) into a denture base acrylic resin and did not observed an effect on *C. albicans*adherence and biofilm formation.

The effect of PTBAEMA incorporated to denture base acrylic resins against *C. albicans*is not well-established, since the biocide power of this agent has been evaluated only in polyethylene compounds^[@r10],[@r14],[@r24],[@r28]^. The fungus, different from the bacteria, shows a cell wall composed of approximately 80 to 90% carbohydrate. Moreover, the microfibrillar polymers (b-glucans and chitin) represent the structural components of the wall. They form a rigid skeleton that provides strong physical properties to the cell^[@r06]^. Consequently, it might be supposed that this rigid skeleton protects *C. albicans* against PTBAEMA and do not allow the antimicrobial agent to displace Ca^2+^ and/ or Mg^2+^ ions from the outer wall of the cell.

Further studies should be conducted to determine the cytotoxicity of this polymer and to assess possible changes in the properties of acrylic resin due to the incorporation of PTBAEMA, such as flexural strength, surface roughness, Vickers hardness and color stability of acrylic resin. According to previous studies^[@r05],[@r08],[@r20],[@r25]^ that have incorporated antimicrobials agents into acrylic resin, some kind of damage on the mechanical and/or physical properties of the acrylic resin are expected. The characterization of the acrylic resin after the incorporation of PTBAEMA is not described in this study, since chemical and mechanical tests are being conducted and will be showed in a specific paper on this subject.

Within the limitations of this study, favorable outcomes were detected indicating that PTBAEMA might also be successfully associated with other dental materials since *Streptococcus sp.*are considered a fundamental building block of the initial oral biofilms^[@r07]^. In addition, Staphylococcal infections, particularly those caused by *Staphylococcus aureus*, produce substantial morbidity and mortality in hemodialysis patients^[@r04]^.

CONCLUSION
==========

Within the limitations of this study, it can be concluded that the denture base acrylic resin combined with 10% and 25% PTBAEMA showed a significant antimicrobial activity against *S. aureus*and*S. mutans*biofilm, but had no significant effect on the *C. albicans*biofilm formation.
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